Cache Valley virus (CVV) and Potosi virus (POTV) are two closely related mosquito-borne viruses (Bunyaviridae: Bunyamwera group) that appear to circulate in several regions of the United States, especially the Midwest. We determined the prevalence of specific neutralizing antibodies to both viruses in Indiana white-tailed deer and conducted infection experiments to assess whether deer could serve as an vertebrate-amplifying host. Crossinfection experiments also were carried out to investigate the level of antibody cross-reactivity and cross-protection between the two viruses. The seroprevalence rate was high for both CVV (Ͼ 66%) and POTV (Ͼ 43%) in adult deer statewide. Antibodies neutralizing CVV were more common among deer harvested in the northern part of Indiana whereas the prevalence of POTV antibodies suggested a more southern distribution for this virus. Experimental infections of captive deer showed that they may serve as amplifying hosts for either virus. Deer infected with CVV or POTV developed a 1-3-day viremia with 3.0 and 4.1 log 10 plaque-forming units/ml mean peak titers, respectively. However, significant levels of antibody cross-reactivity between the two viruses were observed. Viremia was lower and shorter when animals immune to either CVV or POTV were cross-infected with the alternate virus and antibody responses following cross-infections resembled original antigenic sin with higher titers of antibodies against the primary agent.
Abstract. Cache Valley virus (CVV) and Potosi virus (POTV) are two closely related mosquito-borne viruses (Bunyaviridae: Bunyamwera group) that appear to circulate in several regions of the United States, especially the Midwest. We determined the prevalence of specific neutralizing antibodies to both viruses in Indiana white-tailed deer and conducted infection experiments to assess whether deer could serve as an vertebrate-amplifying host. Crossinfection experiments also were carried out to investigate the level of antibody cross-reactivity and cross-protection between the two viruses. The seroprevalence rate was high for both CVV (Ͼ 66%) and POTV (Ͼ 43%) in adult deer statewide. Antibodies neutralizing CVV were more common among deer harvested in the northern part of Indiana whereas the prevalence of POTV antibodies suggested a more southern distribution for this virus. Experimental infections of captive deer showed that they may serve as amplifying hosts for either virus. Deer infected with CVV or POTV developed a 1-3-day viremia with 3.0 and 4.1 log 10 plaque-forming units/ml mean peak titers, respectively. However, significant levels of antibody cross-reactivity between the two viruses were observed. Viremia was lower and shorter when animals immune to either CVV or POTV were cross-infected with the alternate virus and antibody responses following cross-infections resembled original antigenic sin with higher titers of antibodies against the primary agent.
Several of the arthropod-borne North American Bunyamwera group viruses (Bunyaviridae) infect large mammals. [1] [2] [3] Cache Valley virus (CVV), Main Drain virus, and Tensaw virus (TENV) have been reported to cause central nervous system disease. [4] [5] [6] Cache Valley virus also has been associated with birth defects in sheep, 7 cattle, 8 and humans. 9 This virus was originally isolated from mosquitoes (Culiseta inornata (Williston)) collected in Utah, 10 but has since been found throughout much of North America. 3 The primary vertebrate amplifying host(s) remain unknown. With such a wide geographic distribution it is likely that CVV has regionally distinct transmission cycles that may involve both different species of vertebrate hosts and arthropod vectors.
In the Midwest, CVV has been isolated from a semi-domesticated caribou (Rangifer tarandus terraenovae) 11 and a horse (Equus caballus). 12 Cache Valley virus-specific antibodies have been detected in many other species of domestic and wild mammals including swine (Sus scrofus), goats (Capra hircus), cattle (Bos taurus) (Blackmore CGM, Grimstad PR, unpublished data), 13 elk (Cervus elaphus) 11 and white-tailed deer (Odocoileus virginianus). 11, 14, 15 Deer have a very high prevalence of CVV-specific antibodies in areas where the virus is common. Anopheles mosquitoes and Coquillettidia perturbans (Walker) have been implicated as vectors in this region. 3, 16, 17 Potosi virus (POTV) is the only other Bunyamwera group virus known to occur in the Midwest. This virus, distantly related to TENV by cross-neutralization testing, was isolated from an introduced mosquito species, Aedes albopictus (Skuse) in Potosi, Missouri in 1989. 18 Little is known about POTV distribution and transmission cycles except that it has been found primarily in the central part of the United States. Potosi virus has been isolated from mosquitoes in Illinois, Michigan, Ohio, 19 and North Carolina, 20 and virus-specific antibodies have been detected in Arkansas, Missouri, Iowa, and Colorado deer. 21 One objective of our study was to determine the prevalence of specific neutralizing antibodies to CVV and POTV in Indiana deer. Cache Valley virus has been isolated once from Psorophora mosquitoes collected in southeastern Indiana 22 and specific antibodies have been detected in domestic animal and human sera from the northern part of the state (Blackmore CGM, Nowicki WL, unpublished data).
White-tailed deer were also inoculated with CVV and POTV to determine whether deer could serve as amplifying hosts for these viruses. Since CVV and POTV have overlapping distributions and infect this common vertebrate host, deer potentially could experience dual infections in nature.
To study the level of antibody cross-reactivity and crossprotection, CVV-and POTV-immune animals also were challenged with the alternate virus.
MATERIALS AND METHODS
Sample collections and handling. Blood samples were collected from hunter-harvested deer at nine different deer check stations in Indiana during November 1994. Two Nobuto filter paper strips (Micro filtration Systems, Dublin, CA) per deer were soaked with blood, air-dried, and placed in envelopes containing information about the collection location, age, and sex of the animal. The use of these 5 ϫ 30 mm strips in sample collections for diagnostic serology was first described by Wolff and Hudson. 23 Our infection experiments were conducted during three consecutive late fall and winter periods (1992) (1993) (1994) to avoid spread of virus to local vectors. The captive whitetailed deer herd used was managed by the Michigan Department of Natural Resources at the Porter Ranch, Houghton Lake Wildlife Research Area (Missaukee County, MI). Unmated, 6-18-month-old does without prior serologic evidence of CVV and/ or POTV infections were selected for the study. Cache Valley virus has been isolated at this location 24 but serum neutralizing antibody assays of Porter Ranch deer sera collected over more than 10 years and banked at the Laboratory for Arbovirus Research and Sur-veillance, University of Notre Dame indicate infections are uncommon. Infected animals were kept in 12.2 m ϫ 12.2 m outdoor dirt floor pens and received a pelletized diet and free access to water. Deer infected in October 1993 and March 1994 participated in a vitamin A depletion experiment and their diets will be described elsewhere (Ullrey DE, Michigan State University, East Lansing, MI, unpublished data).
Animals were injected subcutaneously with 4.5-4.7 log 10 median tissue culture infectious doses (TCID 50 ) virus diluted in medium 199 supplemented with 10% Seru-Max-2 (Sigma, St. Louis, MO), 2.2 g of NaHCO 3 , (Sigma), 75 mg of gentamicin (J. R. H. Biosciences, Inc., Lenexa, KS), and 2.5 mg of amphotericin B (Sigma)/liter. The viral infection doses were divided into 2-ml aliquots, for each individual deer, and frozen at Ϫ70ЊC until inoculated or assayed. Control animals were inoculated with 2 ml of cell culture medium diluent. Blood samples were taken using 18-gauge needles and Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) daily for seven days from the jugular veins of unsedated animals restrained in a squeeze chute. 25 One milliliter of each whole blood sample was immediately transferred to a cryovial, mixed with 1 ml of diluent, and frozen in liquid nitrogen. The rest of the whole blood sample was allowed to clot, and then was centrifuged at 1,000 rpm for 10 min. Serum was collected and stored at Ϫ20ЊC.
The cross-infections of immune animals were conducted 5-7 months after the primary infections, again at a time when temperatures were below freezing and no potential vectors were present.
The virus infection work was carried out using a protocol approved by Institutional Animal Care and Use Committees of the Michigan Department of Natural Resources and the University of Notre Dame. The maintenance and care of experimental animals also complied with the National Institutes of Health guidelines for the humane use of laboratory animals.
Cell culture. Vero cells (American Type Culture Collection, Rockville, MD) were used for all cell culture-based testing. The cells were grown in medium 199 supplemented with 10% Seru-Max-2 and 2.2 g of NaHCO 3 /liter. The cultures were incubated in a 5% CO 2 atmosphere at 37ЊC.
Virus. The experimentally infected deer were inoculated with either a Michigan strain of CVV (M180-1-450) 12 passed once in suckling mouse brain (smb1) and one time in Vero cells (v1) or one of the original Missouri strains of POTV (89-3364, v3). Stocks of CVV and POTV with the same passage histories as described above were used for all serologic testing. Mouse hyperimmune ascitic fluid (MHAF) produced against CVV (6V663) and POTV (89-3364) were used as positive serum controls. Virus isolates and MHAFs were obtained from the Centers for Disease Control and Prevention (Fort Collins, CO).
Viremia assays. Whole blood samples were tested for presence of virus by plaque assay on a monolayer of Vero cells. 26 Six-well tissue culture plates were seeded with 2 ml of cell culture medium containing 175,000 Vero cells/ml per well and incubated for five days until confluent. The cell culture medium was removed and 0.3 ml of the blood samples were applied either concentrated (1:2 dilution) or as 10fold dilutions directly onto the monolayer. After a 70-min incubation at 37 C in a 5% CO 2 atmosphere, samples were removed and a 2-ml overlay of culture medium with 0.8% gum tragacanth (Sigma) was applied to each well. After an additional 87-89-hr incubation period, the plates were fixed, stained, and examined for plaques.
Serology. The Nobuto filter strips, carrying the dried animal blood that was individually collected for the serosurvey, were cut into four pieces, put into 1-dram vials, and eluted in 0.01 M phosphate-buffered saline, pH 7.4, overnight at 4ЊC. Eluted sera were heat-inactivated for 30 min at 56ЊC and antibody titers were measured by the constant virusserum dilution neutralization test (SDNt). 27, 28 Serial two-fold dilutions of the specimens were made in 96-well microtiter plates and tested for neutralization of 100 TCID 50 /0.025 ml of CVV or POTV in Vero cells (9,700 cells/well). After a five-day incubation, the plates were fixed and stained. Antibody titers were recorded as the highest dilution of serum with less than 50% cytopathic effect on the Vero cell monolayer. Sera neutralizing virus at a 1:10 dilution or higher were considered positive for specific antibodies.
Serum samples from experimentally infected deer were diluted with an equal volume of cell culture medium with antibiotics, heat-inactivated for 30 min in a 56ЊC water bath, and assayed for CVV and POTV antibodies by the SDNt as described above.
Statistical tests. The seroprevalence of CVV and POTV antibodies from five different regions of Indiana (northwestern, northeastern, west central, east central and southeastern) ( Figure 1) were compared by a G test. The antibody prevalence for different age groups was calculated from samples collected in the northeastern, east central and southeastern part of the state. Viremia and antibody titers from the infection experiments were compared by the Student's t-test and one-way analysis of variance. 29 (Figure 1 ) were tested for antibodies to CVV (n ϭ 464) and POTV (n ϭ 387). Samples with neutralizing antibodies to CVV were commonly found throughout the state with the highest prevalence in animals harvested in the northern counties (P Ͻ 0.005) ( Table 1 ). The prevalence of animals with antibodies to CVV alone was also significantly higher in northern Indiana than in the west central and southeastern parts of the state (P Ͻ 0.005). However, the difference in CVV antibody prevalence between northern and east central Indiana was no longer significant when the large group of deer with antibodies to both viruses was excluded.
RESULTS

Serosurvey. Deer bloods from 23 counties in Indiana
The antibody prevalence for CVV was high among all adult (1.5-years or older) animals; 52-88% of the 1.5-yearold deer had virus-specific antibodies. The antibody prevalence increased even further with age (P Ͻ 0.02) in east central and southeastern Indiana.
We also found evidence of POTV infections among deer in Indiana. Two hundred thirteen (55%) of 387 samples tested for both CVV and POTV had neutralizing antibodies to POTV. Thirty-one POTV-positive sera, collected in all six regions of the state, showed no cross-reactivity with CVV ( Table 1 ). The prevalence of antibody to this virus was significantly higher (P Ͻ 0.05) in west central and southeastern Indiana. The prevalence of POTV antibodies in 1.5-year-old deer reflected the seroprevalence of POTV antibodies in the state overall. In southeast Indiana, 80% (13 of 16) of the 1.5-year-old animals, those exposed only one season to either virus after loss of maternal antibody, had antibody to POTV versus 48% (27 of 56) of the 1.5-year-old deer in northeastern Indiana.
There was no difference (P Ͼ 0.05) in the antibody prevalence between male and female deer in any of the regions.
Experimental infections. All deer became viremic and produced specific neutralizing antibodies after primary infections with POTV or CVV. Potosi virus inoculations resulted in viremias with a somewhat higher mean (Ϯ SE) peak titer (4.1 Ϯ 0.12 versus 3.0 Ϯ 0.2 log 10 plaque-forming units/ml) and longer mean duration (2.9 versus 2.4 days) compared with CVV (Table 2 and Figure 2 ). Antibodies were detected 4-5 days postinfection (PI) with mean reciprocal neutralizing antibody titers of 21 (CVV) and 18.5 (POTV) seven days PI. After cross-infecting CVV-immune deer with POTV, eight of nine animals became viremic. The POTV viremias that followed CVV infections were significantly shorter (mean of 1.9 days) (separate variance probability ϭ 0.002, pooled variance probability Ͻ 0.001) and reached a lower peak titer (P Ͻ 0.05) than those observed after the primary POTV virus exposure (Table 2 and Figure  2 ).
An increase in both specific POTV and CVV antibodies were detected seven days PI. Potosi virus antibody titers were significantly higher in CVV-primed than in naive animals (P Ͻ 0.001). However, despite developing these higher POTV titers on cross-infection than after primary infections with POTV, antibody titers to CVV remained significantly higher (P Ͻ 0.001) ( Table 3) . Potosi virus-immune animals were almost completely protected against CVV infections. Brief, low-level CVV viremias were detected in two of nine cross-infected deer. Antibody titers had increased for both viruses seven days PI with significantly higher titers for the primary agent (P Ͻ 0.005) ( Table 3 ).
DISCUSSION
The high seroprevalence rate of antibody to CVV in Indiana deer is similar to rates obtained in other deer serology studies from the Midwest. 11, 14, 15 The high prevalence of antibody to CVV in central Indiana was somewhat surprising since most of the land is cultivated with few wetland habitats necessary for larval development of Anopheles and Cq. perturbans mosquitoes. 30 One explanation could be that deer are attracted to the small pockets of wetlands left that are suitable habitats for vector mosquitoes. If this hypothesis is correct, the prevalence of antibodies to CVV in deer from this area may overestimate the risk of human exposure to the virus. However, these data suggest that deer may be very good sentinels for CVV. Serologic evidence of CVV transmission was seen in deer from 22 of 23 Indiana counties surveyed. These findings together with the data from other CVV serosurveys (Blackmore CGM, Grimstad PR, unpublished data) [12] [13] [14] 22 and virus isolations from mosquitoes in this region 3 imply that CVV is ubiquitous in the Midwest. Increased antibody prevalence with age seen in east central and southeastern Indiana deer, also occurs in enzootic Jamestown Canyon virus foci. 31 Antibodies to CVV most likely accumulate with age in deer populations from the other regions of the state as well but because of the high CVV antibody prevalence in young adult animals a larger number of fawns and old deer would have had to be tested to detect a significant difference.
This study presents the first evidence for enzootic POTV transmission in Indiana. The widespread presence of POTV here further supports the hypothesis of Mitchell and others 32 and Heard and others 33 that Ae. albopictus is not the principal enzootic vector of POTV. That mosquito has not yet become established in most of the state. Increases in antibody prevalence from north to south was also seen in deer from Iowa and Arkansas. 21 Tensaw virus, the most closely related of the other North American Bunyamwera group viruses by cross-neutralization testing, also has its focus in the southern United States. 3 The natural transmission cycle for TENV apparently involves Anopheles crucians Wiedemann mosquitoes and mammals. There is no strong evidence it occurs as far north as Indiana.
Both CVV and POTV also produce viremia in deer. The viremia seen in animals experimentally infected with CVV is sufficient to infect susceptible mosquitoes. Local strains of both Anopheles quadrimaculatus Say and Cq. perturbans become infected when exposed to similar virus titers in the laboratory and readily transmitted to suckling mice (Blackmore CGM, unpublished data). Both species also feed readily on deer; [34] [35] [36] [37] deer could therefore serve as an amplifying vertebrate host for CVV.
Deer infected with POTV developed a viremia sufficient to infect Ae. albopictus 32 but the enzootic vector(s) needs to be established and its feeding behavior and susceptibility to POTV infection investigated before it is possible to make definite conclusions about the importance of deer in the POTV transmission cycle. However, at the site in Missouri, where POTV was first isolated, there was a 25% antibody prevalence in deer while only one of 33 small mammals and none of six cattle tested had antibodies to the virus. 21 Previous CVV or POTV infections did provide partial protection against the alternate virus and may limit transmission of the secondary virus where both occur. Animals initially infected with POTV were almost completely protected against CVV infections. Cache Valley virus did appear to cause a transient viremia in more deer than from which it was detected since a CVV antibody response was induced in all inoculated animals. High levels of cross-protection have also been reported for laboratory studies of CVV and TENV by Calisher and others. 3 They argued that North American Bunyamwera group viruses are maintained because of their development of species-specific niches. They propose that viruses, by adapting to certain vectors and vertebrate hosts, are able to establish populations in unique geographic locations. When the distributions of closely related viruses overlap, exclusion mechanisms such as crossreactive immune responses inhibit them from using the same amplifying hosts. It is interesting to note that antibodies to TENV, like antibodies to POTV, protect better against CVV infection than the other way around. Perhaps POTV and TENV have coevolved with POTV adapting to vectors and hosts with a more temperate distribution. Genetic sequence analysis of the two viruses may aid in determining their true relationship. How CVV and POTV (and possibly TENV and POTV) can coexist in the same areas needs to be further studied. Unless they are maintained in nature solely by transovarial transmission, each virus probably has a unique amplifying vertebrate host. The CVV and POTV antibody cross-reactivity pattern seen in this study provides the first description of a phenomenon similar to original antigenic sin among closely related bunyaviruses. The original antigenic sin, defined as reactivation of memory B cells to a previously encountered antigen when the immune system is challenged with a second, closely related agent, was first described for influenza viruses. 38 The phenomenon has also been observed among flaviviruses in vivo 39, 40 and in vitro. 41 The sin response is derived from a small but stable memory B cell clone with somatically mutated V regions induced by the primary infection. 42 This phenomenon should be considered in serum diagnostics of these and other closely related bunyaviruses such as among the members of the California serogroup.
